INTRODUCTION
Lymphoma is a common type of malignant cancer, and lymphoma patients are susceptible to other opportunistic infections and complications, such as splenic diseases, hepatic diseases, bone lesions, and nervous system pathology. Accordingly, early detection of lymphoma is essential for a favorable prognosis. However, different patients may exhibit varying degrees of drug resistance to the same drugs commonly used in targeted therapy for the clinical treatment of lymphoma. Thus, it is necessary to explore the clinicopathological characteristics of B-lymphoma cells from human lymphoma patients in order to better understand the relationship between the cell histology and the disease pathology in patients. By correlating these details to improve the accuracy of an early patient diagnosis will assist doctors in choosing the best treatment for patients. However, there are typically many red blood cells (RBCs) in a solution sample of lymphoma cells. Thus, a rapid and efficient technique is required to discriminate target lymphoma cells in a mixed cell population from RBCs that may interfere with later detection and research protocols. In this work, we demonstrate the usage of optically-induced electrokinetics as a rapid technique to separate a type of B-lymphoma cells (i.e., Raji cells) from RBCs. Traditional cell separation methods, such as optical tweezers [1] and dielectrophoresis (DEP) [2] , have been previously investigated to discriminate cells. However, the drawbacks to those approaches will limit their application for cell separation. For instance, the effective manipulation area of optical tweezers is small and constrained by the need for a high-numerical-aperture microscope objective lenses that are used to focus the laser beam and to increase the optical intensity for manipulation. In addition, the high optical power might kill live cells or influence the properties of the cells. DEP separation of cells requires integrated micro pumps/valves, which makes the experimental setup more complicated and cannot be easily modified.
Optically-induced dielectrophoresis (ODEP) [3] , similar in function to DEP, has been demonstrated to be capable of separating cell [4] - [5] due to the dielectric and/or size differences in cells. This paper presents experimental validation of the rapid and dynamic separation of Raji cells from RBCs using the ODEP force in an optically-induced electrokinetics (OEK) chip. This is preceded by a calculation of the polarization properties for the two different types of cells and a finite element method (FEM) simulation of the DEP force. Fig. 1 is a schematic illustration of our OEK chip which consists of a top glass substrate coated with a transparent and conductive indium tin oxide (ITO) film that is used as an electrode, a liquid chamber that is the working area of the chip, and a bottom layer with a thin photoconductive film of hydrogenated amorphous silicon (a-Si:H) deposited onto another ITO glass substrate. The a-Si:H layer behaves as an insulator due to its inherent lower conductivity when not illuminated. When an optical pattern is projected onto the surface of the a-Si:H via a commercial digital projector, the electron-hole pairs are excited by the migration of electrons from the valence band to the conduction band of the a-Si:H layer, and thus locally increasing the conductivity of the a-Si:H via the photoconductive effect. Then, the electric field across the liquid chamber dramatically increases above the locally illuminated a-Si:H area since most of the applied voltage is transferred to the liquid chamber. Thus, a non-uniform electric filed can be created in the liquid chamber. Furthermore, any particles suspended in the liquid at locations near this optically-induced non-uniform electric field will experience a force though an interaction between the electrically polarized dipole moments of both of the particles and the liquid solution, known as the DEP function, which is defined as the "ODEP force" in this OEK chip. Unlike conventional DEP chips, no metal electrodes are required to create the non-uniform electric field. Hence ODEP provides a dynamic and flexible manipulation technique. The ODEP force can be either positive or negative under specific conditions, which means that the particles can be either attracted to (pDEP) or repelled from (nDEP) the illuminated areas, respectively. Fig. 1 Schematic illustration of the OEK chip. The particles will be repelled away from the illuminated areas due to a nDEP force.
II. MODELING AND SIMULATION

A. Operating principle of the optically-induced DEP force
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B. Polarization models for Raji cells and RBCs
The time-averaged DEP force exerted on a particle in a fluidic medium is given as [6] 
where a, b, c, are the semi-axes of the particle radii, respectively, ε m denotes the permittivity of the liquid medium, E is the electric field, and Re[K(ω)] is the real part of the Clausius-Mossotti (CM) factor, which is expressed as [6] :
In the above equation, ε * = ε -jσ/ω, where ε and V are the permittivity and conductivity, respectively; ω = 2Sf, where f is the applied voltage frequency across the liquid medium. The subscripts p and m denote the properties of the particle and liquid medium, respectively. A j is the depolarization factor along the j-axis (j = x, y, z). Raji cells can be modeled as a spherical particle (R = a = b = c, A j = 1/3), as shown in the inset of Fig. 2 . The shell and interior refer to the cell membrane and to the cytoplasm, respectively. Consequently, a single layer of the shell-core model can be used as an approximation for Raji cells, and the effective permittivity for Raji cells is given by [6] 
where Fig. 2 . The shell and interior also refer to the cell membrane and the cytoplasm, respectively. The effective permittivity for RBCs is given by [7] [7] . The polarization properties for Raji cells and RBCs, i.e., the real part of their respective CM factors, as a function of the applied frequency can be obtained by using (2), (4), and (5), as shown in Fig. 2 . Typical dielectric parameters for the two types of cells, as shown in TABLE I, are used to calculate the polarization for each cell type, which is suspended in an isotonic solution with a conductivity of 1.3×10 -2 S/m. Results show that the two types of cells will experience a pDEP force when the frequency is higher than ~70 kHz and a nDEP force at frequencies lower than ~70 kHz. 
C. Raji cells and RBCs velocities induced by the ODEP force
Once a cell begins to move due to the DEP force, an opposing Stokes' drag force will be produced. The Stokes' equation for estimating the drag force on a cell moving in a fluid with velocity υ is given as [10] :
where f r is the friction factor of the cell in the fluid. For Raji cells and RBCs, f r are 6πηR and 16ηa, respectively, where η is the dynamic viscosity of the fluid.
In order to obtain the magnitude of the DEP force exerted on the two types of cells, the vector 2 rms E in (1) should be calculated. Fig. 3 shows the cross-sectional distribution of the x-component of the vector calculated using a commercial FEM software package (Multiphysics, COMSOL AB, Sweden). The FEM simulation method is the same as discussed in our prior work [11] . Two optically projected lines with a width of 20 μm and 10 μm, respectively, act as virtual electrodes and the applied frequency is 50 kHz with a voltage of 20 V pp . The DEP force sharply decreases along the vertical direction and has a maximum value around the illuminated areas. Furthermore, the velocity for Raji cells and RBCs induced by the DEP force can be obtained by balancing (1) and (6), as shown in Fig. 4 . The velocity of the Raji cells, as induced by the DEP force, is higher than that of the RBCs, and the DEP force induced by the 20 μm wide optical line is higher than that by the 10 μm optical line. This means that the DEP force induced by two different optical line widths can be employed to perform the separation of Raji cells from RBCs. 
III. EXPERIMENTAL RESULTS
A. OEK system
An illustration of the OEK system is schematically shown in Fig. 5 . For a detailed photograph of our actual experimental setup, please refer to our previous work [12] . The OEK chip is placed on a 3D translation platform (Leetro Automation Co. Ltd, China), which enables automatic and accurate control of the position of the OEK chip. The incident optical patterns are generated by a commercial graphics software package (Flash 11, Adobe, USA) and are projected onto the surface of the OEK chip via a LCD projector (VPL-F400X, Sony, Japan) with a standard resolution of 1024×768. A condenser lens (Nikon, MS plan, 50×) fixed between the LCD projector and the OEK chip is used to focus and collimate the optical patterns onto the OEK chip. The cells' motion is recorded by a charged coupled device (DH-SV1411FC, DaHeng Image, China) attached to a microscope (Zoom 160, OPTEM, USA) and connected to a computer equipped with an image acquisition card. In addition, an AC bias potential, supplied by a function generator (Tektronix, AFG 3022B, USA), is applied to power the OEK chip. 
B. Cell preparation
Raji cells and RBCs from Beijing 307 hospital (Beijing, China) were suspended in an isotonic solution consisting of 10.2 % (w/v) sucrose plus 0.2 % (w/v) bovine serum albumin (BSA) in deionized water. The BSA was added into the solution with a purpose of decreasing the affinity force between the cells and the a-Si:H substrate of the OEK chip and to enhance the ODEP manipulation and separation of the two types of cells. The conductivity is 1.3×10 -2 S/m as measured using a Cond 3110 conductivity meter.
C. Separation of Raji cells from RBCs
Several experiments have been performed using two optical lines of different widths, with one moving line and the other line stationary. These virtual electrodes successfully generated a DEP force that separated Raji cells from RBCs. Fig. 6 shows an example of the experimental process for separating the Raji cells from the RBCs. Initially, when the two optical lines with a width of 20 μm and 10 μm, respectively, are projected onto the a-Si:H surface, a voltage of 20 V pp at a frequency of 50 kHz is applied. Immediately, Raji cells and RBCs are repelled and relocated towards the 10 μm optical line, due to the larger nDEP force induced by the 20 μm wide optical line (Fig. 6(a) ). Then, the 20 μm optical line is moved from left to right and this motion pushes the two types of cells toward the location of the 10 μm optical line, as shown in Fig. 6(b) . After only approximately 11 s, the two types of cells are aligned and located within the gap between of the two lines (Fig. 6(c) ). When the 20 μm optical line is moved further right, the Raji cells are the first cell type pushed past the 10 μm optical line, shown in Fig. 6 (d) , and effectively separated from the RBCs. 
IV. CONCLUSION
Raji cells and RBCs experience distinct differences in ODEP forces due to these cells' different inherent properties (e.g., dielectric properties and sizes). Consequently, separation of Raji cells from RBCs has been experimentally demonstrated by using an ODEP-based manipulation technique in this paper. Results show that the two types of cells can be dynamically separated by using two optically projected lines of different widths, with one moving line and the other line stationary, as the virtual electrodes to generate the DEP force This result confirms theoretical calculations based on polarization models for Raji cells and for RBCs and a FEM simulation of the ODEP force. This is a unique, dynamic, ODEP-based technique that is capable of rapidly separating and purifying cells in a simple and efficient manner.
